Traumatic brain injury (TBI) is the leading cause of death for persons under the age of 45. Military service members who have served on multiple combat deployments and contact-sport athletes are at particular risk of sustaining repetitive TBI (rTBI). Cognitive and behavioral deficits resulting from rTBI are well documented. Optimal associative LTP, occurring in the CA1 hippocampal Schaffer collateral pathway, is required for both memory formation and retrieval. Surprisingly, ipsilateral Schaffer collateral CA1 LTP evoked by 100 Hz tetanus was enhanced in mice from the 3× closed head injury (3× CHI) treatment group in comparison to LTP in contralateral or 3× Sham CA1 area, and in spite of reduced freezing during contextual fear conditioning at one week following 3× CHI. Electrophysiological activity of CA1 neurons was evaluated with whole-cell patch-clamp recordings. 3× CHI ipsilateral CA1 neurons exhibited significant increases in action potential amplitude and maximum rise and decay slope while the action potential duration was decreased. Recordings of CA1 neuron postsynaptic currents were conducted to detect spontaneous excitatory and inhibitory postsynaptic currents (sEPSCs/sIPSCs) and respective miniature currents (mEPSCs and mIPSCs). In the 3× CHI mice, sEPSCs and sIPSCs in ipsilateral CA1 neurons had an increased frequency of events but decreased amplitudes. In addition, 3× CHI altered the action potential-independent miniature postsynaptic currents. The mEPSCs of ipsilateral CA1 neurons exhibited both an increased frequency of events and larger amplitudes. Moreover, the effect of 3× CHI on mIPSCs was opposite to that of the sIPSCs. Specifically, the frequency of the mIPSCs was decreased while the amplitudes were increased. These results are consistent with a mechanism in which repetitive closed-head injury affects CA1 hippocampal function by promoting a remodeling of excitatory and inhibitory synaptic inputs leading to impairment in hippocampal-dependent tasks.
Introduction
Traumatic brain injury is the leading cause of death and disability worldwide for people under the age of 45 (Faul et al., 2010) . In the United States, over 1.7 million new cases of TBI are reported each year (Lucke-Wold et al., 2014) , with more than 80% of cases classified as mTBI (Cassidy et al., 2004) . However, this classification appears to be used interchangeably with several other brain injuries such as concussion, secondary impact syndrome, and even chronic postconcussion syndrome (Harmon et al., 2013; Hoge et al., 2009 ) demonstrating the heterogeneity and complexity of mild brain injury.
In addition to civilian injuries, more than 300,000 U.S. combat veterans of the Iraq and Afghanistan wars have been diagnosed with a mTBI (Tanielian and Jaycox, 2008) . Treatment plans and therapeutic interventions to improve the neurocognitive outcome of these patients are impeded by the intense debate on mTBI diagnostic criteria and data interpretation of research studies (Hoge et al., 2010; Marion et al., 2011) . Furthermore, neurocognitive tests, whose resulting data is subject to varied interpretation, are challenged to address the comorbidity of mTBI with PTSD (Hoge et al., 2009 ). This study focuses on rTBI and its applicability to combat-related cases of rTBI and in athletes who play contact sports.
Repetitive traumatic brain injury: pathophysiology
In cases of moderate-to-severe TBI, the pathophysiology of secondary injury is characterized by compromise of the blood brain barrier, trauma-induced activation of voltage-gated ion channels, glutamate excitotoxicity, Ca 2 + imbalance, mitochondrial dysfunction, necrosis, and apoptosis within the CNS (Cernak and Noble-Haeusslein, 2010) . However, in the case of mild rTBI, this cascade of deleterious events, likely of neuroinflammatory/ electrophysiological origin, does not occur with the intensity and duration as seen in moderate-to-severe TBI (Barkhoudarian et al., 2011) . Rather, the aberrations in ionic currents, energy homeostasis, and cytoskeletal integrity caused by the primary injuries are both transient and reversible (Hall et al., 2005) . As these pathophysiological events dissipate and eventually are no longer detectable, the cognitive and behavioral deficits that resulted from the pathophysiology may also diminish and eventually disappear. However, in spite of improvement in majority of patients, 15% of patients with a previous diagnosis of mTBI will continue to present with neurological deficits 12 months after the initial trauma (Carroll et al., 2014) . rTBI initiates a heterogeneous and complex array of cellular responses in the brain that contribute to subsequent post-injury neurodegenerative and behavioral disorders (see Smith et al., 2013 for review). When exposed to multiple TBIs, the severity of damage and corresponding behavioral changes are often significantly worsened longitudinally (Smith et al., 2013) . Animal models of rTBI have characterized the cognitive and behavioral decline associated with the cumulative damage caused by rTBI (Brody et al., 2015; Johnson et al., 2015; Laurer et al., 2001; Longhi et al., 2005) . However, the cellular mechanisms underlying these changes have not yet been elucidated. We suspected that this deteriorating outcome is paralleled by degeneration of the mechanisms underlying activation and regulation of CNS neuronal network plasticity.
The majority of single mild TBI studies observed impaired hippocampal LTP, decreased hippocampal plasticity, excitability and/ or increased inhibition (Albensi et al., 2000; Reeves et al., 2005; Schwarzbach et al., 2006; Witgen et al., 2005) . Therefore, it would be a reasonable assumption that multiple impacts delivered within a short time interval would result in synergistic or at least additive attenuation of neuronal excitability in CA1 neurons ipsilateral to the injury and impaired hippocampal function (Kim et al., 2005; Weber, 2007) . We hypothesized that mild repetitive TBI would result in either the failure to induce LTP or a significant reduction in LTP when compared to the sham-injured group (Reeves et al., 1995) . This absent or reduced LTP would be expected to be accompanied by alterations in the properties of CA1 pyramidal neurons consistent with its diminished intrinsic electrical activity. Furthermore, the excitatory postsynaptic currents, action potential-dependent and independent, would be decreased, whereas inhibitory postsynaptic currents, action potentialdependent and independent, would be increased in the triple injury group (Albensi et al., 2000; Miyazaki et al., 1992; Reeves et al., 1995; Weber, 2007) . In order to test our hypothesis, we identified changes in CA1 hippocampal LTP following repetitive mild TBI; and determined changes in the intrinsic electrophysiological properties of CA1 neurons, and examined spontaneous excitatory and inhibitory activity to detect any shift(s) between the excitatory and inhibitory CA1 networks. Intriguingly, our results showed augmented LTP accompanied by abnormal intrinsic and synaptic hippocampal activity, contrary to our initial hypothesis. However, as previously reported in mouse models of repetitive concussive TBI (Berberian et al., 1990; Creeley et al., 2004; DeFord et al., 2002; Longhi et al., 2005; Meehan et al., 2012; Mouzon et al., 2014; Petraglia et al., 2014) , we found that 3× CHI mice are impaired in hippocampal-dependent behavioral tasks.
Methods

Animals
Groups of male C57Bl/6 (NCI, Poolesville/Frederick, MD) mice were subjected to single (1× CHI) and triple (3× CHI) closed-head injuries, along with their respective sham controls (1 × Sham and 3 × Sham). All mice were 6-7 weeks old on delivery to model the age of young service members. After delivery all mice were acclimated for one week and were kept on a reversed light cycle in regular animal rooms throughout the surgeries and until the time of sacrifice for electrophysiological or behavioral experiments. All experiments were approved by the Uniformed Services University of the Health Sciences Institutional Animal Care and Use Committee.
Closed-head injury surgery
The CHI model of rTBI was created by employing an electromagnetically controlled cortical impact device (Leica Impact One™ Stereotaxic CCI Instrument, Buffalo Grove, IL), which provides high reproducibility of closed-head injury (Brody et al., 2007) . The repetitive CHIs were performed as follows. Each surgery was carried out at the same time of the day, with one CHI administered every 24 h for 3 consecutive days. Under a 2% isoflurane/oxygen mixture of anesthesia, a rostral to caudal incision was made to retract the scalp. The impact coordinates from the bregma were (in mm): X (lateral): 3.0, Y (posterior): −2.0, Z (ventral): −1.5 (Fig. 1) . The angle of the 5 mm diameter impactor tip was set at 15°so that the impactor tip was approximately parallel to the surface of the skull. The CHI was delivered with a velocity of 4 m/s and a dwell time of 100 ms. These coordinates and impact parameters define the neocortical peri-infarct site (Fig. 1) . The CCI coordinates and parameters were selected to achieve minimal or histologically non-detectable damage to the ipsilateral hippocampus throughout the repetitive injury. After each surgery, the scalp was closed with sutures and the mouse was kept on a heated pad (36°C) during anesthesia. The mice were returned to the clean home cage (maximum of four mice per cage) with food and water ad libitum and the cage was kept on a heated pad (38°C). After each injury all mice were closely observed for~1-2 h by the investigator to detect any abnormal behavior. The cage was then moved to the regular animal room where the animals are monitored by laboratory and veterinary staff for any abnormal status. The Sham mice underwent all handling like the CHI mice, with anesthesia, opening of the scalp, and suturing of the skin, except the impactor tip was not released. Three repetitive injuries and/or sham surgeries were performed for three consecutive days approximately at the same time of the day. The handling of the mice and duration of anesthesia were the same for TBI and sham injured mice to minimize confounding factors related to repetitive use of anesthesia and mouse handling (Statler et al., 2006; Yurdakoc et al., 2008) .
Methods
Histopathology
For histopathological analysis mice were perfused intracardially with PBS (pH 7.4) followed by PBS and 4% PFA (wt/vol). The extracted brains were then fixed in PFA for 12 h at 4°C followed by overnight incubation in 20% sucrose (wt/vol) solution and then were sent to Histoserv Inc. (Germantown, MD) for sectioning and staining with hematoxylin and eosin (H&E) by standard protocols.
Slice preparation for electrophysiological recordings
3× CHI or 3× Sham-injured male mice, 7-8 weeks old, were anesthetized with isoflurane, decapitated, and the brain was rapidly removed and placed in ice cold (~4°C) high-sucrose ACSF cutting solution containing (in mM): sucrose, 206; NaHCO 3 , 26; D-glucose, 10; MgSO 4 , 2; MgCl 2 * 6H 2 O, 1; NaH 2 PO 4 , 1.25; KCl, 2; CaCl 2 , 1, bubbled with a mixture of 95% O 2 /5% CO 2 .
As in our previous studies we used 400 μm thick parasagittal slices (Best et al., 2012; Chakrabarti et al., 2010) , which were cut with a Leica VT1200S vibrating blade microtome (Buffalo Grove, IL, USA). Slices were used for either extracellular or patch-clamp recordings. For extracellular recordings, slices were rapidly transferred to a holding chamber at the interface between warm (32°C) standard ACSF (pH 7.4) that contained (in mM): NaCl 119, KCl 2.5, NaH 2 PO 4 1, D-glucose 11, NaHCO 3 26.2, MgSO 4 * 7H 2 O 1.3, CaCl 2 2.5 and bubbled with a mixture of 95% O 2 /5% CO 2 (Siarey et al., 2006) . The slices were superfused (1 ml/min) and allowed to equilibrate in the recording chamber for at least 1 h prior to recording (Siarey et al., 2006) .
For whole cell recordings, slices were immediately transferred to a warmed (~34°C) solution of whole-cell recording ACSF containing (in mM): NaCl, 126; sucrose, 20; NaHCO 3 , 26; D-glucose, 10; KCl, 3; NaH 2 PO 4 , 1.25; MgSO 4 , 2; CaCl 2 , 2, bubbled with a mixture of 95% O 2 / 5% CO 2 . After 30 min, the slices were transferred to room temperature (~21°C), where they were maintained for at least 1 h before recording, while continuously being bubbled with 95% O 2 /5% CO 2 .
2.3.3. Assessment of paired-pulse facilitation of Schaffer collateral-CA1 synapses and long-term potentiation experiments in the CA1 area of the hippocampus Extracellular field potential recordings that were conducted to assess paired-pulse facilitation (PPF) and long-term potentiation (LTP) were modeled Siarey et al. (1999 Siarey et al. ( , 2006 Siarey et al. ( , 2005 , with the exception that 400 μm parasagittal hippocampal slices were used. This approach allowed us to carry out extracellular recordings and patch-clamp recordings on slices with the same hippocampal circuitry.
The fEPSP was recorded using an Axon 200B amplifier and patch pipette backfilled with standard ACSF. A concentric bipolar platinum stimulating electrode was inserted in the Schaffer collateral output from CA3 and the recording glass borosilicate pipette, filled with standard ACSF, was placed in the CA1 stratum radiatum.
To measure associative CA1 hippocampal LTP, fEPSPs were evoked from the Schaffer-collateral commissural pathway and the fEPSPs were adjusted to 30% of their maximal response (Siarey et al., 2006) . The fEPSPs were digitized using a Universal Imaging PC and WinLTP version 2.30D LTP-acquisition software (Dr. William Anderson, Department of Anatomy, University of Bristol, UK; Anderson and Collingridge, 2007; Siarey et al., 2006) . A baseline was achieved by applying a single stimulus every 60 s for 30 min. The stimulus intensity (mA) remained constant and was the same intensity that evokes 30% of the maximal fEPSP response. CA1 LTP was induced with a single 1 s stimulus train at 100 Hz (Siarey et al., 1999) . The post-tetanic stimulation phase of the recording averaged five consecutive waveforms collected at 60 s intervals and their individual initial slopes (Siarey et al., 2006) . Repeatedmeasures ANOVA was used to compare the differences in percent fEPSP slope change (mV/ms) between the CHI and sham-injured mice (Siarey et al., 1999 (Siarey et al., , 2006 .
In order to assess PPF of Schaffer collateral-CA1 synapses a constant stimulus intensity (mA) that evoked 30% of the maximal fEPSP response was used. After achieving a stable 30 min baseline, the PPF protocol was started. For each pulse interval, a single slope value was acquired by averaging five consecutive waveforms obtained by applying a single stimulus of constant intensity of 1-5 mA every 60 s. The pulse intervals (ms) used were: 500, 400, 300, 200, 100, 80, 50, 40, 30, 20, and 10.
Intrinsic membrane properties of CA1 pyramidal neurons
Whole-cell patch-clamp recordings of cells located in area CA1 were performed seven days after the final CHI or sham injury. Using a Hamamatsu C2400 CCD IR camera, cells located in area CA1 were identified, and a whole-cell patch-clamp configuration was obtained with a borosilicate patch pipette of resistance 3-5 MΩ containing (in mM): Kgluconate, 130; NaCl, 15; EGTA, 1; HEPES, 5; Mg 2+ -ATP, 4; Na + -GTP, 0.3; and CaCl 2 , 0.2. The pH was adjusted to 7.3 with KOH, and the osmolarity was calculated at 285 mOsm. A 5 mV hyperpolarizing step from a holding potential of −70 mV was applied to estimate the membrane capacitance (C m ) and resistance (R m ) at the initiation of the whole-cell access and at intervals throughout the recording. Likewise, the resting membrane potential (V m ) was measured in current-clamp (zero-current mode) at the beginning of each recording, and monitored throughout the experiment to assess and monitor cell viability. Recordings were performed in voltage-clamp configuration and data acquired with an Axopatch 200B amplifier (Axon Instruments/Molecular Devices, Sunnyvale, CA), filtered at 10 kHz (Lowpass Bessel filter at 80 dB/decade, NPI, ALA Scientific Instruments, Inc., Westbury, NY, USA). Data was acquired and stored on a Dell Optiplex 780 personal computer using Clampex acquisition software (Axon Instruments).
Action potentials were elicited from pyramidal neurons in area CA1 at increasing steps (20 pA) while recording in I-Clamp Normal mode at − 70 mV with pClamp analytical software. Spike threshold was evaluated by visually identifying the voltage at which maximum acceleration occurred within the rising phase of the first spike of the neuron. Custom analysis functions written inside the data analysis program IGOR (Wavemetrics Inc., Portland, OR) were used to analyze the action potential shape and frequency properties. For action potential shape analysis only the first evoked spike at the lowest depolarization threshold was analyzed. The analysis functions measured the spike amplitude (mV), half-width at half-amplitude (ms), threshold (mV), rheobase (pA), average firing frequency (Hz), antipeak amplitude (mV), maximum rise slope (mV/ms), and maximum decay slope (mV/ms).
Network properties in the area CA1 of the hippocampus
Whole-cell patch-clamp recordings of cells located in area CA1 were performed seven days after the final CHI or sham injury. Using a Hamamatsu C2400 CCD IR camera, cells located in area CA1 were identified, and a whole-cell patch-clamp configuration was obtained with a borosilicate patch pipette of resistance 3-5 MΩ containing (in mM): cesium hydroxide, 135; gluconic acid, 135; MgCl 2 , 10; EGTA, 1; HEPES, 10; Mg 2+ -ATP, 2; Na + -GTP, 0.2; CaCl 2 , 0.1; QX-314, 2; and pH = 7.3. The combination of cesium gluconate and QX-314 permits the cell to be held at more depolarized levels without creating the risk of generating breakthrough action potentials during recordings. We used an ATPregenerating intracellular solution, which enables longer recording times while maintaining accurate measurements of neural activity (Forscher and Oxford, 1985) . For the spontaneous excitatory postsynaptic current protocol, five-minute duration recordings were performed in gap-free voltage-clamp mode, with the holding potential set at − 55 mV, the empirically determined reversal potential for chloride under our recording conditions. For the spontaneous inhibitory postsynaptic current protocol, five minute duration recordings were performed in gap-free voltage-clamp mode, with the holding potential set at 0 mV, the empirically determined reversal potential for cations under our recording conditions. The miniature excitatory and inhibitory postsynaptic current protocols were the same as the spontaneous current protocols except that 1 μM TTX was added to the standard ACSF. At this concentration, TTX blocks voltage-gated sodium currents, and renders all neurons in the entire slice incapable of firing action potentials. This ensures that activity recorded with TTX is action potentialindependent in nature, and reflects only the spontaneous (i.e., vesicle release not evoked by action potentials), quantal release of presynaptic neurotransmitter vesicles.
Behavioral testing contextual/cued fear conditioning protocol
Both 3× CHI and 3× Sham mice were tested for contextual/cued fear by assessing freezing responses following foot shock (unconditioned stimulus) paired with context and/or cue/tone (conditioned stimulus) (Curzon et al., 2009; Graves et al., 2003) . For the initial training session, mice were placed individually in Plexiglas chambers with a wire grid floor inside a dimly lit enclosure (Ugo Basile, Varese, Italy) with a black and white striped or checkered backdrop. Mouse movements were recorded and analyzed for freezing behavior using ANY-maze software (Stoelting Co., Wood Dale, IL). The training session consisted of a two minute acclimation period followed by two 30 s tones at one minute intervals. A two second 0.5 mA foot shock was delivered at the end of each tone, with a one minute monitoring period after the final tone/ shock. Mice were returned to their home cages at the end of the test. Context-dependent memory formation one and two weeks after the training session was tested by returning the mice to identical chambers. During these tests mice were monitored for freezing behavior and no additional foot shocks or tones were delivered. After each context test, the mice were returned to their home cage for at least 30 min before being returned to the fear conditioning chamber but with a novel context. Activity was monitored for 3 min followed by an additional 3 min period during which the tone from the training session was played. After a final one minute monitoring period the mice were returned to their home cages.
Statistics
All results are presented as mean ± SEM. Student's t-tests or repeated measures ANOVA were used to test statistical significance and significance was assigned as p ≤ 0.05. Statistical analysis was performed using SigmaPlot (Systat Software, Inc., San Jose, CA) or Excel software (Microsoft, Microsoft Excel 2010, Redmond, WA) .
Statistical analysis of spontaneous currents was performed using the Kolmogorov-Smirnov test with IGOR analytical software (Wavemetrics, Inc.)
Results
Head injury observations
In characterizing this model we found that 3× CHI mice may have some minimal skull hairline fracture (only during the final, third impact and in less than 10% of the mice), with no visible external bleeding and no confounding effect on obtained results. Initial examination performed by Dr. Eric Lombardini, Veterinarian-Pathologist, U.S. Army, LTC, AFRRI/USUHS, showed no detectable significant histopathological changes in the hippocampus. More detailed examinations of brains from 3 × CHI mice were carried out and their results are summarized in Fig. 2 . 3× CHI produced a focal contusion involving superficial cortical layers or in some animals a small focal hemorrhage confined to the superficial cortical layers, extending to layer 3 only on the ipsilateral side. There was no visible pathology in the hippocampus and corpus callosum in H&E stains or on the contralateral side, and no pathology in the 3× Sham brains (8 mice 3× CHI vs. 7 mice 3× Sham).
LTP in the area CA1 of hippocampus
In order to measure impairments in synaptic plasticity mechanisms in mice subjected to 1 × CHI and 3 × CHI, we performed field electrophysiological recordings and assessed CA3 to CA1 afferents using high frequency tetanus stimulation of the Schaffer collaterals (100 Hz) protocol. These recordings were performed one week after the final injury (1× or 3× Sham or CHI). After 30 min of stable baseline, the LTP tetanus was applied and fEPSPs were recorded for 60 min. We compared the absolute levels of fEPSP slope throughout 30 min of baseline for 3 × CHI and 3× Sham, and then for 1× CHI and 1× Sham. There were no statistical differences for baseline stimulation between each injury group, for both 1× CHI and 1× Sham with respective values (−0.27 ± 0.04 mV/ms and −0.23 ± 0.03 mV/ms; t-test p = 0.460), and 3× CHI and 3× Sham (−0.17 ± 0.02 mV/ms and −0.19 ± 0.01 mV/ms; t-test p = 0.549). LTP measurements from single injured 1× CHI mice yielded no significant differences between treatment groups (Fig. 3A) . However, significantly enhanced LTP was observed in the 3 × CHI hippocampal slices that were ipsilateral to the injury with respect to the 3 × CHI contralateral and 3× Sham-injured slices (Fig. 3B) . Thus, while LTP was achieved in all treatment groups, the magnitude of potentiation was significantly greater in the 3 × CHI ipsilateral slices compared to that observed in the 3 × CHI contralateral and 3 × Sham-injured slices (p = 0.002, by two-way repeated measures ANOVA).
PPF of Schaffer collaterals synapses
In order to further evaluate impairments in synaptic mechanisms in mice subjected to 3 × CHI, we performed field electrophysiological recordings and assessed CA3 to CA1 afferents using PPF protocol. In each case, facilitation began at the 300 ms stimulus interval and persisted until approximately the 80 ms stimulus interval. At the 50, 40, 30, 20, and 10 ms stimulus intervals, a gradual decline in the magnitude of facilitation was observed. PPF was observed in hippocampal slices from 3 × CHI (including those obtained from the hemisphere ipsilateral or contralateral to the impact site) and 3 × Sham treatment groups with no significant difference between the TBI groups and control group (Fig. 4) .
In summary, these data generated from the extracellular field potential recordings in ipsilateral CA1 demonstrate a significant enhancement of synaptic plasticity and normal paired-pulse facilitation of these Schaffer collateral afferent areas in 3 × CHI. However, field potential experiments cannot detect changes in electrophysiological properties or excitatory and inhibitory drive at a single-cell level. In order to identify these alterations at the cellular level we subsequently performed whole-cell patch-clamp recordings from individual CA1 pyramidal neurons.
Intrinsic membrane properties of CA1 hippocampal neurons
3 × CHI had no significant effect on the passive intrinsic membrane properties one week after the third and final injury (Table 1) . Resting membrane potential, membrane capacitance, membrane resistance, and the membrane time constant, tau, were all statistically unchanged. However, for four of the eight active intrinsic membrane properties, a significant difference was seen in the 3 × CHI treatment group. Specifically, the tripleinjured mice displayed a larger action potential amplitude (~5% increase), a decreased half-width at half-amplitude, and increased maximum rise and absolute value of decay slopes (~8% increase, Fig. 5) . The values for the unchanged measures of rheobase, AP threshold and afterhyperpolarization (AHP) parameters are provided in Table 2 .
The absence of changes in the passive properties suggests that while 3 × CHI alters the network activity (i.e., enhanced LTP), the electrophysiological properties of the individual CA1 neurons, such as size (capacitance), membrane resistance, and membrane resting potential were unaffected by the triple injury. Nevertheless, the significant differences in action potential characteristics without changes in passive properties may suggest changes in somatic and perisomatic voltage-dependent channels in CA1 neurons from 3 × CHI mice (e.g. Mitterdorfer and Bean, 2002; Stuart and Sakmann, 1994) . Interestingly, no changes in frequency of AP firing or AP threshold were detected following rTBI.
3.5. Spontaneous and miniature excitatory postsynaptic currents in CA1 neurons of hippocampus 3× CHI altered sEPSCs one week after the final injury (Fig. 5) . Representative traces showed increased sEPSC frequencies but smaller amplitudes for the 3× CHI neurons compared to those from the Sham group (Fig. 6A) . Group data shown in the cumulative probability plots demonstrate an increased sEPSC frequency in the 3× CHI neurons (Fig. 6B) , which is consistent with an increase in excitatory drive in the CA1 neurons. The sEPSC peak amplitude was decreased in the 3× CHI CA1 pyramidal neurons (Fig. 6C) . Likewise, the charge transfer was reduced ( Fig. 6D ) paralleling changes observed in the sEPSC peak amplitude. The sEPSC maximum rise time was unaltered (Fig. 6E ), but subtle changes in the maximum decay time were observed (Fig. 5F ). In order to directly assess the potential impact of increased shunting currents on amplitude and kinetics of sEPCSs, whole-cell recordings in the presence of GABA A receptor (GABA A R) antagonists should be performed in future studies.
3× CHI also altered mEPSCs one week after the final injury (Fig. 7) . Representative traces show that 3× CHI cells exhibit both an increased frequency of events and larger peak amplitudes of mEPSCs (Fig. 7A) . Cumulative probability plots revealed an increased mEPSC frequency (Fig. 7B) , which is consistent with an increase in the number of glutamatergic postsynaptic synapses and/or increased probability of glutamate release. An increase in axonal sprouting during the post-injury restoration phase would also be consistent with these results, thereby leading to an increase in the number of excitatory glutamatergic synapses onto CA1 pyramidal neurons. The increase in peak amplitude of mEPSCs (Fig. 7C) suggests that there were more functional AMPA receptors on postsynaptic sites, and/or that the action potential (AP)-independent synaptic vesicles had a larger content of glutamate. The increased charge transfer (Fig. 7D ) also reflects these changes. In Fig. 2 . Histopathologic appearance of brain following 3× CHI. Representative images are derived from hematoxylin and eosin stained slides of animals sacrificed 7 days following 3× Sham/ controls (A) and 3× CHI (B). Panels depict 4× (A1/B1), 10× (A2/B2) and 20× (A3/B3) objective views. Note the wedge-shaped cortical contusion seen in the TBI animal (B1-3) extending from the pial surface to the mid-portion of the cortical thickness. This focal lesion consists of disruption of the neuropil accompanied by infiltration of astrocytes and macrophage/microglia, some of which contain hemosiderin pigment. The adjacent hippocampus (ipsilateral side) appears morphologically intact. addition, the decreased maximum rise time (Fig. 7E) , and increased maximum decay time (Fig. 7F) suggest changes in the subunit composition of AMPA and/or kainate receptors.
3.6. Spontaneous and miniature inhibitory postsynaptic currents in CA1 hippocampal neurons 3 × CHI also altered sIPSCs one week after the final injury (Fig. 8) . Similarly to sEPSCs, sIPSCs represent a mixture of both somatic and dendritic inputs; and furthermore is a sensitive measure of synaptic inhibition (Hunt et al., 2011) . Representative traces show both increased frequency of sIPSCs and smaller peak amplitude for the 3 × CHI cells (Fig. 8A) . The cumulative probability plot shows that the 3 × CHI pyramidal neurons demonstrated increased sIPSC frequency (Fig. 8B) . This increase in frequency was consistent with the increased frequency observed in the sEPSC recordings (Fig. 6B) , which showed increased excitatory drive and activity of excitatory neurons. More active excitatory neurons are likely driving the increased activity of inhibitory neurons. However, the peak amplitude (Fig. 8C) was decreased, suggesting a role for activity-dependent shunting of currents at the distal synapses and/or a deficit in the activity-dependent neurotransmitter (GABA) vesicle release. The charge transfer sIPSCs (Fig. 8D) was likewise decreased. The kinetics of spontaneous IPSCs were affected by 3 × CHI. The decreased maximum rise time (Fig. 7E ) and decay time (Fig. 8F ) suggest changes in postsynaptic GABA A R subunit composition and would not be consistent with contribution from the shunting of these currents.
3× CHI altered miniature inhibitory postsynaptic currents one week after the final injury (Fig. 9) . Representative traces show a larger peak amplitude for the 3× CHI CA1 pyramidal neurons while they also exhibit a slight reduction in frequency of mIPSCs (Fig. 9A) . The cumulative probability plot shows that the 3 × CHI cells demonstrated decreased sIPSC frequency (Fig. 9B ) which is consistent with a lower number of GABAergic synapses (e.g., the pruning of GABAergic afferents) and/or reduced probability GABA release. However, the increased peak amplitude (Fig. 9C) suggests an increase in the number of functional GABA A Rs within the synapse, and/or a larger content of GABA neurotransmitter in a specific pool of AP-independent GABA synaptic vesicles. Moreover, the increased charge transfer (Fig. 9D ) reflects the increase in peak amplitude, and also suggests stronger GABAergic synapses, more permeable GABA A Rs or a larger content of GABA neurotransmitter contained within a specific pool of action potential independent synaptic vesicles. The decreased maximum rise time (Fig. 9E) , together with subtle changes in maximum decay time (Fig. 9F) , suggests changes in the subunit composition of GABAergic receptors.
Behavioral phenotype in fear conditioning tasks following 3× CHI
During the fear conditioning training session, both 3× Sham and 3× CHI mice showed an increase in freezing behavior following each tone/ shock pairing (Fig. 10A ). This overall increase in freezing behavior over time was significant but the responses between groups were not significantly different (2-way repeated measures ANOVA, Test segment: p b 0.001; "Treatment × Test Segment" interaction: p = 0.22; N = 8 and 12 for 3 × Sham and 3 × CHI respectively). When mice were returned to the training context one week later, 3× CHI mice spent significantly less time freezing during the middle minute of the test compared to 3 × Sham ( Fig. 10B ; 21 ± 3 s versus 31 ± 4 s respectively, p = 0.022). Two weeks after the training session, 3 × CHI mice froze less in both the first (9 ± 2 s versus 20 ± 3 s 3× CHI and 3× Sham respectively; p = 0.004) middle (15 ± 2 s versus 35 ± 4 s 3 × CHI and 3× Sham respectively; p b 0.001) minutes (Fig. 10B) . No significant differences were observed between the freezing behaviors of 3× CHI and 3× Sham during the cued tone at either 1 or 2 weeks after the training session ( Fig.  10C ; 2-way repeated measures ANOVA "Treatment × Week Post-Injury" interactions for each minute: first minute: p = 0.3, middle minute: p = 0.4; last minute: p = 0.063). These results suggest that 3 × CHI mice experience a significant deficiency in hippocampal-mediated learning compared to control 3 × Sham mice. Although the differences in freezing behavior during the cued component were not significant, 3× CHI mice tended to show less freezing behavior during this component of the test as well suggesting amygdala circuits might also be affected by the triple injury.
Discussion
Remodeling of electrophysiological properties in CA1 area
Our present study using a novel mouse model of rTBI found changes in synaptic plasticity expressed as enhanced LTP with impairments in Fig. 3 . Enhanced CA1 hippocampal long-term potentiation observed in 3× CHI mice one week after the final injury. (A) Normal CA1 hippocampal long-term potentiation observed in 1 × CHI mice one week after the final injury. Statistical analysis was performed using two-way repeated measures ANOVA and no statistically significant difference was detected for LTP measured in 1× CHI ipsilateral hippocampus (14 mice, 16 slices) and 1 × Sham hippocampus (n = 9 mice, 9 slices). (B) Augmented CA1 hippocampal long-term potentiation observed in 3× CHI mice one week after the final injury. For the 3 × CHI ipsilateral treatment group: 21 ipsilateral hippocampal slices were used from 13 mice. For the 3× CHI contralateral treatment group: 22 contralateral slices were used from 12 mice. For the 3× Sham-combined treatment group: 30 slices were used from 17 mice. Statistical analysis was performed using two-way repeated measures ANOVA and the LTP measured in 3× CHI ipsilateral hippocampal slices was significantly increased in comparison to LTP measured in 3× Sham and 3× Contralateral hippocampal slices at p = 0.002 followed by Holm-Sidak post-hoc comparison, which revealed significant differences between 3× CHI ipsilateral vs 3 × Sham for all time points after tetanus at (p b 0.05) except at 55 min and 60 min, where significance was at p = 0.06 and p = 0.07, respectively; for 3 × CHI ipsilateral hippocampus (n = 13 mice, 21 slices), 3 × CHI contralateral hippocampus (n = 12 mice, 22 slices) and 3× Sham hippocampus (n = 17 mice, 30 slices).
behavioral hippocampal-dependent performance one-week after the final injury, a finding which has not been previously reported (see review Brody et al., 2015) . In addition, whole-cell patch-clamp recordings revealed alterations in four of eight active intrinsic membrane properties. CA1 neurons from the triple-injured mice exhibited slightly larger AP amplitudes, shorter half-width, and increases in both maximum rise and maximum decay slopes. The changes in maximum rise and decay slopes are consistent with increases in voltage-dependent Na + and K + currents, and suggest that the balance between these currents was altered in the triple-injured mice. At the same time AP frequency responses, AP threshold and resting membrane potentials appear not to be affected by 3 × CHI. It is interesting to note that increase in voltage-dependent Na + channels were observed in a cell culture model of rTAI, where a single injury caused an increase in the expression of voltage-gated Na + channels along the axons that were otherwise morphologically unremarkable (Yuen et al., 2009 ). However, a second subsequent injury caused a pathological increase in voltagedependent TTX-sensitive Na + channels, which in turn promoted an increase in intracellular Ca 2+ triggering pathophysiological cascade that resulted in TAI (Yuen et al., 2009 ).
Voltage-clamp recordings of spontaneous current activity provided further evidence that CA1 pyramidal neurons ipsilateral to the injury underwent a fine functional shift between excitatory and inhibitory inputs. The increased frequency and decreased amplitude and charge transfer of the spontaneous excitatory postsynaptic currents suggest that there was an increase in excitatory drive in CA1 pyramidal neurons ipsilateral to the injury. This may suggest an attenuation of the signal due to activity-dependent shunting of current in the distal GABAergic receptors, a deficit in the readily releasable pool of the glutamatecontaining vesicles and/or mechanism related to release of different vesicle pools (He and Bausch, 2014; Sara et al., 2005) . Because the resting membrane potential, membrane resistance, and membrane time constant are all unaltered (Table 1) , it is less likely that the tripleinjured CA1 neurons have an increase in shunting current driven by proximal GABAergic synapses. In addition, the AP amplitude was larger for the 3× CHI cells, while the half-width was smaller. These reciprocal changes in AP amplitude and half-width likely offset each other so we do not expect a change in magnitude of depolarization in presynaptic neurons. However, it is still possible that a change in presynaptic glutamate release could occur. It should be noted that the results of PPF Fig. 4 . Schaffer collateral-CA1 synapses exhibit normal paired-pulse facilitation in 3× CHI mice one week after the final injury. Using a constant stimulus intensity (mA) that evoked 30% of the maximal fEPSP response, a 30-min baseline was acquired. Facilitation was observed to begin at approximately the 300 ms stimulus interval, and persist to the 80 ms stimulus interval. Stimulus intervals less than 80 ms produced declining facilitation, when comparing the percent change slope of the second response to the first response. Statistical analysis was performed using two-way repeated measures ANOVA and no statistically significant difference was detected between PPF measured in 3× CHI Ipsilateral hippocampus (n = 8 mice, 9 slices), 3× CHI contralateral hippocampus (n = 4 mice, 4 slices) and 3× Sham hippocampus (n = 10 mice, 10 slices). A 5 mV hyperpolarizing step from a holding potential of −70 mV was applied to estimate the membrane capacitance (C m in pF) and membrane resistance (R m in MΩ) at the initiation of the whole-cell access and at intervals throughout the recording. Likewise, the resting membrane potential (V m in mV) was in measured in current-clamp (I = 0 mode) at the beginning of each recording, and throughout the experiment to assess and monitor cell viability. The membrane time constant, tau, was calculated by multiplying the value of the membrane capacitance by the membrane resistance. Recordings were performed in voltage-clamp configuration. Statistical analysis was performed using a Student's t-test (p b 0.05). Action potentials were elicited from regular-spiking neurons in area CA1 at increasing steps (20 pA) while recording in I-Clamp Normal mode at −70 mV with pClamp analytical software. Spike threshold was evaluated by visually identifying the voltage at which maximum acceleration occurred within the rising phase of the first spike of the neuron. We generally observed that the first action potential in these neurons exhibited multiple spikes (ranging from 2 to 10 spikes). Properties featured in Table 2 are rheobase (pA), threshold (mV), threshold to afterhyperpolarization (mV), and after-hyperpolarization minimum (mV). Statistical analysis was performed using a Student's t-test (p b 0.05).
experiments are consistent with unaltered glutamate release from the Schaffer collateral afferents (Fig. 4) but Schaffer collaterals are not the only afferents that terminate on CA1 pyramidal neurons (Reeves et al., 1997) . In addition, the miniature excitatory postsynaptic currents exhibited increases in frequency, amplitude, and charge transfer. These results suggest more numerous excitatory synapses and/or increases in probability release of glutamate, and increase in cationic permeability of synaptic AMPARs. The types of AMPARs consistent with these results are Ca 2+ -permeable GluA2 subunit-lacking AMPARs. In addition, changes in posttranslational modifications of AMPAR subunits can also affect excitatory responses (Yokoi et al., 2012) . Our findings also suggest that excitatory synapses could be more depolarized and therefore exhibit weaker Mg 2+ block of NMDARs, as was shown in the single injury fluid percussion model (Reeves et al., 1995) and in an in vitro cultured system following mechanical injury (McMillan, 1990; Zhang et al., 1996) .
The spontaneous inhibitory synaptic currents of CA1 pyramidal neurons ipsilateral to the injury demonstrated an increase in frequency, while the amplitude, charge transfer, rise time, and decay time were all decreased. The small increase in frequency of spontaneous IPSCs can be explained by increased activity of excitatory neurons, while changes in amplitude can be explained by increases in tonic inhibition and/or changes in AP-driven vesicle pools (Kirischuk and Grantyn, 2000) . We speculate that the decreased frequency of mIPSCs/pruning effect, coupled with the increase in peak amplitude, serves to offset the reduction in inhibitory drive so both effects tend to compensate each other. Changes in kinetics of mIPSCs would be consistent with changes in GABA A R subunits (Holopainen and Lauren, 2003) , however, changes in posttranslational modifications of GABA A R subunits can also modulate inhibitory responses (Vithlani et al., 2011) . Dendritic excitability in CA1 pyramidal neurons is governed by tonic inhibitory currents that are regulated by the α5 and δ subunits of the GABA A R Fig. 6 . 3× CHI alters spontaneous excitatory postsynaptic currents of CA1 hippocampal pyramidal neurons one week after the final injury. Representative traces show increased frequency of events for the 3× CHI cells, while the 3× Sham cells exhibit a larger peak amplitude. Cumulative probability plots show that the 3× CHI cells demonstrate increased sEPSC frequency (B), decreased peak amplitude (C), decreased charge transfer (D), not significantly altered maximum rise time (E), and significantly altered maximum decay time (F). For the 3× CHI group, 25 cells were recorded from a total of 6 mice. For the 3× Sham group, 20 cells were recorded from 5 mice. Statistical analysis was performed using the Kolmogorov-Smirnov test. The symbol **** indicates a significant difference from 3× Sham (p b 0.0001). The symbol *** indicates a significant difference from 3× Sham (p b 0.001). Vargas-Caballero et al., 2010) . It may be that 3× CHI promotes the transient expression of dendritic GABA A Rs that lack the α5 and δ subunits, one week after the final injury.
These observed alterations in amplitude and kinetics of the mEPSCs and mIPSCs collectively suggest that changes in shunting mechanisms are less likely after 3 × CHI because the rise time of the mEPSCs and mIPSCs are shortened and the amplitude is increased. Interestingly, augmentation of the shunting inhibition mechanism has been recently implicated in electrophysiological studies with rodent models of TBI (Hunt et al., 2011; Imbrosci and Mittmann, 2011; Mtchedlishvili et al., 2010) . Moreover, some evidence for changes in subunit composition of both AMPA and GABA A Rs following TBI have been also revealed by other studies (Kharlamov et al., 2011 ) (see below). In addition, based on immunohistochemical studies, microglia-mediated changes in excitatory and inhibitory afferents have been previously proposed (Paolicelli et al., 2011; Schafer et al., 2012) . However, physiological studies directly addressing impact of TBI on a vesicle-pools and/or presynaptic release mechanism are still lacking.
As summarized above, the CA1 neurons displayed changes in their miniature inhibitory postsynaptic currents, where the frequency and rise time were decreased while the amplitude, charge transfer, and decay time were all increased. The reduction in frequency of mIPSCs would be consistent with loss of GABAergic interneurons (Hunt et al., 2011) , and/or less numerous inhibitory synapses, decreases in the probability of release of GABA, whereas increase in mIPSC amplitude suggests augmented anionic permeability of synaptic GABA A Rs (stronger inhibitory synapses). These findings implicate GABAergic deficits, which have been previously reported in animal TBI studies (Mtchedlishvili et al., 2010; Reeves et al., 1997) and in clinical studies in boxers presenting neuropsychological features of rTBI (Bang et al., Fig. 7 . 3× CHI alters miniature excitatory postsynaptic currents of CA1 hippocampal pyramidal neurons one week after the final injury. Voltage-gated sodium channel activity was blocked by 1 μM TTX added to the ACSF. (A) Representative traces show increased both frequency of mEPSCs and larger peak amplitude for the 3× CHI cells. Cumulative probability plots show that the 3× CHI cells demonstrate increased sIPSC frequency (B), increased peak amplitude (C), increased charge transfer (D), decreased maximum rise time (E), and increased maximum decay time (F). For the 3× CHI group, 25 cells were recorded from a total of 6 mice. For the 3× Sham group, 20 cells were recorded from 5 mice. Statistical analysis was performed using the Kolmogorov-Smirnov test. The symbol **** indicates a significant difference from 3× Sham (p b 0.0001). 2015). These results are consistent with significant changes involving intrinsic active electrophysiological properties and excitatory and inhibitory synapses following 3× CHI leading to functional cellular/network adaptations that impact AP characteristics and shift the balance between excitatory and inhibitory inputs of CA1 neurons ipsilateral to the injury. These neurons would thus exhibit an increase in excitatory drive and impaired inhibitory activity. These changes may be accounted for by alterations in subunit composition of both synaptic AMPA and GABA receptors and be linked to increase in LTP.
Enhanced LTP does not correlate with a recovery of function
Our study is the first to demonstrate enhanced LTP and impaired spatial memory in an animal model of rTBI. Interestingly, employing a lateral fluid percussion model of mTBI, LTP was significantly increased in the ipsilateral versus contralateral hippocampus, whereas no LTP was induced with a repetitive protocol 28 days post-injury (Aungst et al., 2014) . Since 1 × CHI did not yield any significant differences in LTP when compared to the 1× Sham group (Fig. 3) , based on our results it appears that multiple impacts are required to create this enhanced long-term plasticity. Power analysis of single CHI suggest that the insignificant increase observed following this injury would require N = 39 in each group to become significant at p = 0.05. This outcome strongly suggests that the additive and/or synergistic effects of repetitive injury produce significant augmentation of LTP in our model of 3× CHI. Previous behavioral reports demonstrated that mice subjected to rTBI have impaired spatial memory deficits (Berberian et al., 1990; Creeley et al., 2004; DeFord et al., 2002; Longhi et al., 2005; Meehan et al., 2012; Mouzon et al., 2014; Petraglia et al., 2014) .
Interestingly, previous studies on molecular signaling pathways that drive hippocampal LTP have identified conditions where enhanced/facilitated synaptic plasticity was coupled with impaired learning and memory. Bourtchouladze et al., reported that when G s -alpha is constitutively active the cAMP/PKA pathway becomes Fig. 8 . 3× CHI alters spontaneous inhibitory postsynaptic currents of CA1 hippocampal pyramidal neurons one week after the final injury. 3× CHI alters sIPSCs one week after the final injury. Representative traces show increased frequency of events for the 3× CHI cells, while the 3× Sham cells exhibit a larger peak amplitude (A). Cumulative probability plots show that the 3× CHI cells demonstrate (B). Increased sIPSC frequency, decreased peak amplitude (C), decreased charge transfer (D), decreased maximum rise time (E), and decreased maximum decay time (F). For the 3× CHI group, 25 cells were recorded from a total of 6 mice. For the 3× Sham group, 20 cells were recorded from 5 mice. Statistical analysis was performed using the Kolmogorov-Smirnov test. The symbol **** indicates a significant difference from 3× Sham (p b 0.0001). dysregulated to the degree that, despite enhanced LTP, these transgenic mice demonstrated deficits in spatial memory, cued-fear conditioning tests and contextual fear conditioning (Bourtchouladze et al., 2006) . While it is well known that CREB phosphorylation is needed for the formation of hippocampal-dependent spatial memory (Kandel et al., 2014) , chronically enhanced CREB activity obstructs the retrieval of spatial memories (Viosca et al., 2009 ) in spite of facilitated LTP (Barco et al., 2002) .
Other animal models of neurological disease and disorders have also reported augmented LTP coupled with cognitive/behavioral deficits. EAE, a mouse model of multiple sclerosis, facilitates the enhancement of LTP by promoting the increased release of IL-1β by activated microglia and invading lymphocytes (Nistico et al., 2014) and exhibits spatial memory impairments (Dutra et al., 2013) . Moreover, a rat model of stress demonstrated facilitation of hippocampal LTP due to insertion of Ca 2+ -permeable AMPA receptors into synapses triggered by stress or transient exposure to glucocorticoids (Whitehead et al., 2013) , which was previously associated with impairment of spatial memory (Conrad et al., 1996) . It is important to note changes in social behavior following concussive rTBI (Klemenhagen et al., 2013) .
However, the enhanced LTP observed in the 3× CHI may possibly be the result of a cytokine-mediated neuroinflammatory mechanism, driven by the microglia that were activated by repetitive head trauma (Bennett et al., 2012) . In fact, our latest results of immunohistochemical experiments are consistent with region-specific microglia activation following 3× CHI in weeks and months after injury (data not shown).
Given the findings from this diverse array of studies, it is possible the mechanisms driving the enhanced LTP in our mouse model of rTBI could share similarities with any of these animal models of increased synaptic plasticity coupled with deficits in learning and memory suggesting possible role of neuroinflammation discussed below in addition to a potential activation of the PKA/CREB pathway. 
Differential regulation of the subunits of glutamatergic and GABAergic receptors: a possible mechanism for rTBI-induced changes in hippocampal circuitry
The CA1 pyramidal neurons synapses that include the Schaffer collaterals CA3-CA1 and local synapses within the CA1 field are the most meticulously studied synapses in the CNS (Rozov et al., 2012a) . The delicate and complex balance between excitation and inhibition at the CA1 synapses is tightly regulated by the types and density of ionotropic AMPA and GABA receptors (Klausberger, 2009) , the subunit composition of those receptors (Lu et al., 2009; Soares et al., 2013) , and the gene expression and alternative splicing of the receptor subunits (Penn et al., 2012) . At the CA1 pyramidal neuron synapses, the "fast" early component of postsynaptic signaling is produced by the cationic current (predominantly Na + and possibly Ca 2+ due to their electrochemical gradients) flowing through the AMPAR (Lu et al., 2009) . Over the past two decades, investigators have observed electrophysiological changes resulting from TBI as reviewed in (Cohen et al., 2007; Phillips and Reeves, 2001 ) and more recently in (Goldstein et al., 2012; Johnson et al., 2015) .
Hyperexcitability in injured neurons has been attributed to: weakened Mg 2+ blockade of NMDARs (Zhang et al., 1996) ; impaired desensitization of AMPARs (Goforth et al., 1999) ; increased extrasynaptic GluN2B-containing NMDAR-mediated whole cell currents (Ferrario et al., 2013) ; enhanced expression of synaptic Ca 2+ -permeable AMPARs (Goforth et al., 2011) ; as well as changes in the subunit expression and composition of both glutamatergic and GABAergic receptors (Almeida-Suhett et al., 2015; Drexel et al., 2015; Ferrario et al., 2013; Raible et al., 2012 Raible et al., , 2015 Reger et al., 2012; Warren et al., 2012) . Other TBI models have replicated this altered subunit expression, and observed that these changes persist for four months after the primary injury (Drexel et al., 2015) . More importantly, the extent of altered subunit expression correlates both with the degree of injury and the severity of the deficits (Raible et al., 2015) . A single TBI model demonstrated that pharmacological inactivation of the JAK/STAT pathway post-TBI restores GABA A R α1 subunit levels and rescues vestibular motor function (Raible et al., 2015) . Based on the results from our mouse model of rCHI and previously published studies (see above) it seems apparent that injury-induced differential regulation of excitatory and inhibitory receptor subunits may precede the progressive behavioral phenotype, and therefore clinical signs and symptoms of mild rTBI. Thus, any clinical therapies that target the cognitive and behavioral deficits associated with rTBI must address these electrophysiological changes (Raible et al., 2015) .
The alterations in Schaffer collateral synaptic plasticity and spontaneous activity of CA1 pyramidal neurons observed in our mouse model of rTBI may have resulted from changes in AMPAR density, AMPAR subunit composition, and AMPAR-mediated cationic current. There is also evidence for possible changes in GABAergic receptors, which will be discussed below.
AMPARs on CA1 pyramidal neurons
AMPARs have a critical role in the induction of CA1 LTP, and both their conductance and kinetics are directly correlated to the precise subunit composition that comprise the AMPARs on CA1 pyramidal neurons (Jia et al., 1996; Plant et al., 2006; Tsuzuki et al., 2001) . When AMPARs contain the GluA2 subunit, synaptically-evoked Ca 2+ entry is dependent upon NMDARs and voltage-gated Ca 2+ channels (Isaac et al., 2007) . However, AMPARs that lack the GluA2 subunit also lack the positively-charged arginine at position 607 in the M2 membrane loop; therefore, these AMPARs conduct both Na + and Ca 2+ across the neuronal membrane and are integral in CA1 synaptic plasticity and neuronal activity (Lu et al., 2009; Soares et al., 2013) . GluA2-containing AMPARs (i.e., GluA1-GluA2 heteromers) comprise approximately 80% of all synaptic AMPARs, as well as 95% of somatic extrasynaptic AMPARs on CA1 neurons, with the remaining GluA2-containing AMPARs of the GluA2-GluA3 variety (Lu et al., 2009) . Simultaneously the number and subunit composition of synaptic NMDARs remains constant, NMDAR-mediated EPSCs are unchanged, and CA1 dendritic morphology are unaffected by a complete absence of AMPARs (both synaptic and extrasynaptic) (Lu et al., 2009) . In addition to the population of GluA2-containing AMPARs, CA1 neurons possess functional GluA2-lacking AMPARs. Numerous recent studies have not only confirmed the presence of GluA2-lacking AMPARs on CA1 pyramidal neurons, but that these Ca 2+ -permeable AMPARs are essential for activity-dependent synaptic plasticity and hippocampal LTP (Plant et al., 2006; Soares et al., 2013) . Homeostatic synaptic plasticity (HSP) is the ability of a neuron to manage its own excitability in comparison to the overall activity of the hippocampal network (Soares et al., 2013) . A proposed mechanism for HSP is synaptic scaling, a type of plasticity that permits CA1 neurons to govern their overall action potential firing rates (Stellwagen and Malenka, 2006) . GluA2-lacking AMPARs participate is HSP in CA1 neurons, via synaptic scaling, and are found at synapses, extrasynaptic dendritic sites, and even at the soma of CA1 neurons (Stellwagen et al., 2005) . These Ca 2+ -permeable, GluA2-lacking AMPARs on CA1 neurons are further distinguished by their locations: synaptic (Gardner et al., 2005) , and extrasynaptic (Oh et al., 2006) .
Interestingly, silencing hippocampal circuits with prolonged exposure to TTX recruits Ca 2+ -permeable GluA2-lacking AMPARs at CA1 synapses, which results in a significant increase in mEPSC amplitude and an increase in hippocampal LTP (Turrigiano, 2008) . The known mechanisms underlying trafficking, gating properties of AMPARs and their contribution to synaptic plasticity, such as: 1) expression of several immediate early genes like Homer1a (Rozov et al., 2012b) ; 2) TARPs such as stargazin (Kato et al., 2010) ; and 3) AMPAR auxiliary subunits that lack TARPs such as cornichon-2 and cornichon-3 (CNIH-2/-3), (Drummond et al., 2012) or AMPAR accessory protein such as PICK1 (Terashima et al., 2008) , cannot easily explain changes that we observed in hippocampal circuitry following rTBI. However we can speculate that the neuroinflammatory cascade triggered by rTBI can affect either of these components and differentially impact GluA2 and GluA1 subunit trafficking/assembly thereby altering the AMPAR contribution to synaptic plasticity and hippocampus-dependent learning and memory (Wiltgen et al., 2010) .
GABA A Rs on CA1 pyramidal neurons
The inhibitory synapses located on dendritic regions outside excitatory spines contain low affinity GABA A Rs which poorly compete for ambient and spillover of GABA with higher affinity GABA A R in extrasynaptic locations. These extrasynaptic receptors are responsible for tonic inhibition and their activation may reduce probability of inducing LTP (Shen et al., 2007) . We can speculate that in uninjured "healthy" CA1 neurons these extasynaptic GABA A Rs are critical for adjusting the magnitude of LTP in a context-dependent manner.
Proposed rTBI impact on channelopathy of CA1 pyramidal neurons
Previous TBI studies have observed that TBI promotes the phosphorylation and endocytosis of GluA2 subunits, which results in increased Ca 2+ permeability of AMPARs and subsequent enhancement of mEPSCs (Bell et al., 2007 (Bell et al., , 2009 . We propose that, before the triple injury, the excitatory synapses are mostly comprised of AMPARs containing GluA2 receptors and are thus non-permeable to Ca 2+ . Following 3 × CHI, a shift towards more AMPARs lacking the GluA2 subunit would be consistent with an increase in excitatory synaptic currents. With regard to inhibitory network, following 3 × CHI, the inhibitory synaptic currents become larger as well. This suggests an insertion of GABA receptors with a higher Cl − conductance at the inhibitory synapses. With regard to intrinsic active properties of CA1 neurons after 3 × CHI, the results are consistent with increased voltage-dependent sodium and potassium currents following injury. Therefore, our data are consistent with a shift towards Ca 2+ permeable, GluA2 lacking AMPARs with an increased cationic conductance. Inhibitory synapses appear to be stronger as well which may decrease tonic inhibition by binding more GABA at the synapse and reducing the amount of GABA available for extrasynaptic receptors. This decreased tonic inhibition would be expected to contribute to augmentation of LTP. Possible increases in voltage-dependent Na + and K + channels would explain changes in AP characteristics (Yuen et al., 2009 ).
The modulatory effects of neuroinflammation on hippocampal synaptic plasticity
One of the major secondary injury mechanisms associated with TBI is neuroinflammation and the hippocampus is distinctly vulnerable to its effects (Bennett et al., 2012; Di Filippo et al., 2013) . Hippocampal synaptic plasticity is significantly altered by neuroinflammation (Hauss-Wegrzyniak et al., 2002) , and field CA1 is particularly susceptible to deleterious plasticity changes (Min et al., 2009) . Crosstalk between the CNS and the immune system is so intricate (Di Filippo et al., 2008) that some neuroscientists consider the neuronal synapse to consist of the pre-and postsynaptic neurons, as well as astrocytes, microglia, and endothelial cells (Volterra and Meldolesi, 2005) . Collectively, these cells comprise the neurovascular unit, and have been observed to modulate synaptic plasticity, particularly the induction of LTP (Volterra and Meldolesi, 2005) . The neuroimmune crosstalk between neurons, astrocytes, microglia, endothelial cells and invading leukocytes occurs through cytokines; regulatory proteins once thought to have a strictly immune function (Di Filippo et al., 2008) . Cytokines not only influence hippocampal synaptic plasticity during neuroinflammation, but they also maintain the synchronicity of the crosstalk between the cells of the neurovascular unit in the healthy, uninjured brain (Avital et al., 2003) . This diverse and intricate influence that neuroinflammation exerts on hippocampal synaptic plasticity necessitates a thorough investigation of its possible role in the enhanced LTP that was observed in our mouse model of rTBI.
Summary and translation potential
The recordings of miniature spontaneous excitatory and inhibitory currents demonstrated significant changes in network properties. The remodeling of excitatory and inhibitory synapses is likely expressed as a decrease in the number of inhibitory synapses with a concomitant increase in the number of excitatory synapses. These global changes would be consistent with a channelopathy hypothesis that rTBI triggers functional changes in channel expression and/or their dynamics at the synapse. As a consequence, excitatory and inhibitory networks of CA1 pyramidal neurons ipsilateral to the injury are remodeled.
Data generated from this study suggests rTBI triggers electrophysiological changes in the CA1 field of the hippocampus, possibly through a neuroinflammatory-associated mechanism (Xu et al., 2016) . The subtle shifts in excitatory and inhibitory currents observed in this mouse model of rTBI parallel the pre-symptomatic changes that occur in human rTBI patients (Abbas et al., 2015a (Abbas et al., , 2015b Talavage et al., 2014) , such that neuronal network remodeling commences and persists for months to years prior to neurological diagnosis and may offer a potential therapeutic window for early detection and treatment (Major et al., 2015; Semple et al., 2015) . While caution has been advised in interpreting repetitive subconcussive impact data from clinical populations (Belanger et al., 2015) , it is highly probable that such alterations in neural activity begin weeks, months, or even years before symptoms are presented and continue as the outcome deteriorates. The variety of preclinical animal models constitutes a key link in providing a better understanding of the underlying causes of rTBI and can be used to improve the clinical diagnostics and treatment of these injuries (Ojo et al., 2016) .
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